Abstract-A concentration of lindane (y-hexachlorocyclohexane) of 0.05 mg liter-', much lower than the 48-h lethal concentration (LC,,) of 3.8 mg liter-', resulted in a 25% depression in the frequency of movements of filtering limbs and mandibles of Daphnia pulex in a food-free medium. Different instars (from 2nd to 8th) were affected to the same extent. Animals 6-l 2 h after molting were more sensitive than those 30-36 h after molting. Due to the greater number of molts before reproduction in larger Daphnia species, the effect of low pesticide concentrations may be size-selective and, therefore, responsible in part for the disappearance of large cladocerans from eutrophic lakes enriched from agriculture.
It is believed that pesticides may amplify the expression of eutrophication in lakes by reducing the abundance of filter-feeding zooplankton that otherwise might keep algal populations under control (Hurlbert et al. 1972; Hurlbert 1975; Shapiro 1980) . Lakes enriched with nutrients from agricultural land in their drainage basins are also frequently enriched with pesticides that are used along with fertilizers. The zooplankton populations of eutrophic lakes enriched from agriculture are therefore more frequently exposed to pesticides than those of oligotrophic lakes. Zooplankters in eutrophic lakes are also exposed to more intense predation by planktivorous fishes (Shapiro et al. 1975) and to severe food limitation that results from high densities of inedible, indigestible, interfering, and toxic algae (Gliwicz 1975; Porter 1977) . Assimilation rates and reproduction are affected more in large cladocerans because filtering rates are more depressed by interfering (Gliwicz 1977) and toxic (Lampert 1982) algae in larger species than in smaller ones. Any factor causing a further decrease in filtering rate may result in decreasing reproduction and, therefore, in the extinction of the large cladocerans which are more efficient in keeping algal blooms under control (Shapiro 198 1) .
Pesticides are rarely present in lake water in quantities lethal to planktonic herbivores. Yet, much lower sublethal concentrations may reduce feeding rate and reproduction in animals (e.g. see Koeman and Strik 1975) . A concentration of dichlobenil or atrazin a tenth of the 48-h LC50 depressed the feeding rate of Daphnia by half (Kersting and Honing 198 1; Pott 1980) . Even though all individuals may survive the effect of a diluted pesticide, an animal population may become extinct soon afterward if its reproduction is halted or, mortality being high for other reasons, only slightly reduced.
We determine here the lowest concentration of a commonly used pesticide (lindane) to produce in 48 h a detectable decrease in filtering rate of a large cladoceran (Daphnia pulex Leydig) and at which stage of its growth the cladoceran is affected most.
We estimated the filtering rate of Daphnia as the frequency of the movements of the filtering limbs (thoracic appendages) in animals exposed to the slow flow of a foodfree medium containing various concentrations of the pesticide (O-5 mg liter-'). The mesh size of its filtering apparatus does not allow D. pulex to retain small particles which pass 0.45~pm Millipore filters (Gophen and Geller 1984; Brandelberger 1985) . We selected this approach deliberately to avoid aggregation of the pesticide on food particles and subsequent poisoning of animals with uncontrolled doses of the pesticide assimilated with ingested food. From pilot experiments we found that such poisoning depends first, on the adsorption rate of a pesticide on food particles (i.e. on the kind , and heartbeats (right) in three control animals (upper curves) and in three animals exposed to 0.25 mg lindane liter-l (lower curves) during the first 150 min and, for separate control (k) and experimental (0) animals, after 6, 12, 24, and 48 h. Clone A.
of pesticide, the kind, size, and concentration of food particles) and the physical (liquid dynamics, temperature) and chemical (pH, 0,) properties of the medium; and second, on the filtering, ingestion, and assimilation rates of food, which are different for different kinds of food (Chlorella, yeasts, and an artificial food mixture used for Daphnia cultures). The same difficulties are also involved in direct estimates of pesticide effects on Daphnia reproduction, although such effects have been successfully demonstrated for D. pulex (Schober and Lampert 1977; Pott 1980) and Daphnia magna (Adema 1978; Presing 198 1) .
In the food-free medium Daphnia exhibited its maximum filtering rates, which are known to be kept at approximately the same level through the range of food concentrations between 0 and the incipient limiting concentration (Rigler 196 1) if animals have not been starved for a long period (Muck and Lampert 1980) . Animals attached by their helmets to the end of a glass capillary were kept in their natural vertical positions inside flow-viewing chambers (details of the chambers, flow system, mounting, and observations are given by Gliwicz and Siedlar 1980) . The medium was pumped from a bottle containing stirred Millipore 0.45~pm-filtered culture water with or without the pesticide. The material defecated by the animals was flushed out of the chambers to the outflow vessel. The chambers were vertically positioned in an inverted microscope which worked on the horizontal axis and was equipped with dim blue filters to keep the temperature inside the chambers at 22"k 2°C.
The frequencies of the strokes of the filtering limbs, the movements of the mandibles, and the heartbeats were orally recorded on a time-calibrated tape recorder for 1 min for each observation at 5, 25, 50, 75, 100, 125, and 150 min after the test solution was first pumped into the chamber. Each lindane concentration was tested on three experimental and three control (medium without lindane) animals over the 150-min period. The same estimates were made on separate animals exposed for 6, 12, 24, and 48 h to the same experimental and control media (in loo-ml flasks), three animals for each estimate.
The pesticide-lindane (99% y isomer of hexachlorocyclohexane or y-HCH)-was supplied by the Polish Committee for Normalization and Measurements in Warsaw. A stock solution of 50 mg liter-l in Millipore 0.45-pm-filtered culture water was made 2-3 days before each of the three series of observations from an initial 40% acetone solution and kept in the filtered air flow to allow the remaining solvent to evaporate (Ulmann 1972) . Due to its high solubility in water, no precipitation of lindane on the bottle walls was expected. No acetone was added to the controls. females we found to be 3.8 mg liter-l, eight ments (75% decrease). The mandibular fretimes the acute toxicity recorded for this quency remained at the same level in conspecies by Sanders and Cope (1966) as the trol animals for 48 h (Fig. 1, center) despite concentration required to immobilize 50% the fact that there was no food to be proof the test individuals during 48 h at 15.6"C.
cessed: the intestinal content of each animal Daphnia pulex came from a well fed (mixwas defecated during l-2 h of exposure and ture of Chlorella and dried cattle blood) labno postabdominal rejection was noticed. oratory culture. It was cloned separately for
The filtering limbs were slowed further each of the three series of observations per-after 12 (Fig. 1) or 48 (Fig. 2) h in 0.25 mg formed in 1979-1980 (clone A, B, and C), lindane liter-l, as can be judged from the so animals from the same clone were used estimates on separate individuals. This was in each. We used egg-or embryo-bearing not caused by starvation since no decrease females of clones A and B and egg-free an-was seen in the control animals. Not all imals of clone C. Animals of clone C were tested animals survived for 48 h in lindane raised in individual bottles, the time of the at 5 mg liter-'; therefore, data for only the consecutive moltings recorded, and off-first 150 min are available (Fig. 2, bottom) . spring transferred to separate bottles. We A slightly smaller decrease in the activity used 30,96, and 24 animals of clones A, B, of the filtering limbs (25%), mandibles and C to collect the data presented below.
(40%) and heart (15%) was observed during Animals of clones A and B had the fre-150 min in animals exposed to 0.05 mg quency of strokes of the filtering limbs re-lindane liter-'. These decreases were nearly duced by nearly 50% during the first 2 h of doubled in animals exposed for 24-48 h. exposure to a lindane concentration of 0.25
No effect was seen during the first 150 mg liter-l (Figs. 1 and 2, left) , i.e. a con-min in Daphnia exposed to 0.0 1 mg lindane centration of 6% of the 24-h LCsO. The in-liter-', but the differences between the conhibition was less pronounced in the fre-trol and experimental animals became sigquency of heartbeats (Figs. 1 and 2, right), nificant (P = 0.002, Mann-Whitney U-test but it was even greater in mandibular movefor n = 9 in each sample) after 12 h of ex- (Fig. 2, top) . This confirms a suggestion by Hamelink and Waybrant (1976) that planktonic animals accumulate lindane directly from the water even though its concentration is very low. A 25% decrease in the stroke frequency of the filtering limbs was thus found in lindane concentrations two orders of magnitude below the 48-h LC,, for the same clone.
No effect was detected in animals exposed for 48 h in 0.002 mg lindane liter-'. We do not know, however, whether a longer exposure in this concentration would have an effect on Daphnia; the frequency of the filtering limbs' strokes was reduced in some control animals exposed to the food-free medium for more than 48 h.
The large scattering in individual data for animals of clones A and B seemed to be associated with the fact that they were randomly selected for the measurements from the pool of mature Daphnia 1.8-2.2 mm long, so that we do not know which instars were tested or how old they were in terms of either individual or instar age. We therefore used clone C to test the effect of lindane at a concentration of 0.2 5 mg liter-1 on three immature instars (after the 2nd, 4th, and 6th molt) and on animals soon after (6-12 h) and long after (30-36 h) molting.The latter was completed only on the 6th instar because animals of the 2nd and 4th instars molted within 24 and 36 h after the preceding molt.
The data collected on animals of clone C are less scattered, except those for mandibular movements (Table 1, Fig. 3 ). In control Daphnia the frequencies of the limb and heart activity seem to be significantly lower in older than in younger individuals (Table  1) . The difference is significant at P = 0.01 between animals after the 4th and 6th molt and at P = 0.05 between animals after the 2nd and 4th molt (Mann-Whitney U-test; n = 6 in each sample, every observation being a mean of three control individuals exposed for 25, 50, 75, 100, 125, and 150 min). The same test did not show any significant (P = 0.2) difference in depression in rate of movements of the filtering limbs in the three instars exposed to 0.25 mg lindane liter-l 6-12 h after molting (Fig. 3) . No difference was observed in the effect on mandibular or heart activity. Significant differences, however, were found in the decrease in the stroke frequencies of the filtering limbs (also in the mandibular and heart activities) in the animals 6-12 h and those 30-36 h after their 6th molt (Fig. 4) . According to the Mann-Whitney U-test, this difference was significant at P = 0.1 when all seven observations were used and at P = 0.05 when first (5 min) observations were excluded (each observation used for ranking was a percentage difference between the mean for three control and the mean for three experimental individuals). Animals one day older were clearly less affected. This could not be the effect of a different response to the technical manipulations, since 12-and 36-h-old instars which were used as control animals did not change their frequencies for all 150 min of exposure (Table  1) .
Filtering rates in cladocerans (the volume of medium swept clear of food particles) are estimated indirectly from data on the amount of food collected and ingested by the animals. They do not reflect the speed of the filtering machinery movements. Submaximal filtering rates observed in the field (Burns 1968; Gliwicz 1977) do not neces- sarily result from slower motion of the thoracic limbs. The limbs function at maximum rate when an animal is hungry, stopping only occasionally when postabdominal rejections take place. The average limbs' stroke frequency is thus observed to decrease only over longer periods (Gliwicz and Siedlar 1980) . Slowing the motion of the thoracic limbs should, therefore, be seen as another source of a decrease in the filtering rate, independent of those factors which cause a decrease in the filtering rate by increasing food rejections or food escape from the filtering chamber (filamentous or hard-covered algae, respectively : Gliwicz 1980) . Thus a lindanelike pesticide which slows down the functions of the filtering machinery in Daphnia will cause a further decrease in the filtering rates despite the fact that these rates may already have been decreased by other factors. Lindane concentrations of 0.01 and 0.05 mg liter-' are of the same order of magnitude as the permissible limits for drinking waters established by law in some countries (0.04 mg liter-' in Poland: Surowiec et al. 198 1) . They are within the range of concentrations occasionally observed in freshwaters polluted by pesticides used in agriculture and forestry, up to 0.0 1 in some lakes (A. Mazurkiewicz unpubl. data) and up to 0.20 mg liter-' in some rivers (Luczak et al. 1982) of Europe. These high concentrations in natural waters may result from the greater water solubility of lindane than of other chlorinated hydrocarbons (Ulmann 1972) .
Direct uptake of lindane from the water seems to be a more important way of poisoning planktonic animals than transfer through phytoplankton (Hamelink and Waybrant 1976) . The effect of lindane at 0.05 mg liter-' on the filtering rate of Daphnia was great despite the fact that there was no possibility of poisoning the animals by pesticide adsorbed on food particles. If such an effect occurs in a eutrophic lake where the filtering rate is already lowered by interfering or toxic algae, Daphnia may not be able to reproduce intensively enough to cope with high mortality rates. This is particularly true if it is a large Daphnia with late maturation and thus in greater danger from fish predation.
Larger cladocerans are probably more sensitive to pesticides than they are to interfering (Gliwicz 1977; Webster and Peters 1978) and toxic (Lampert 1982) algae. Although we found no difference between the responses of early and late instars of Daphnia to lindane, animals were affected more during the first hours after molting. We do not know whether this is caused by a thinner cuticle or a higher rate of gas exchange, the latter indicated by significantly (P = 0.002, Mann-Whitney U-test for n = 7 in each sample) faster action of the heart and filtering limbs in animals 6-12 h than in animals 30-36 h after the 6th molt (Table 1) . We know, however, that more molts are made in larger than in smaller cladocerans before reproduction.
For example, small Daphnia cucullata reaches the primipara stage when 0.6-0.8 mm long after three molts, while five to seven molts are necessary for a large D. pulex to reach this stage when 1.4-2.2 mm long. Therefore, despite possible species-specific differences in sensitivity, larger cladocerans may be more endangered by sublethal concentrations of pesticides before they start reproduction.
The effect of pesticides, combined with other selective factors responsible for increased mortality (predation by fish) and decreased fecundity (interfering and toxic algae), may be responsible for the disappearance of large, efficient filter-feeding cladocerans from eutrophic lakes and consequently for the increase in phytoplankton biomass, as suggested by Hurlbert et al. (1972) and Shapiro (1981) .
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